Background-Enhanced arginine vasopressin levels are associated with increased mortality during end-stage human heart failure, and cardiac arginine vasopressin type 1A receptor (V1AR) expression becomes increased. Additionally, mice with cardiac-restricted V1AR overexpression develop cardiomyopathy and decreased β-adrenergic receptor (βAR) responsiveness. This led us to hypothesize that V1AR signaling regulates βAR responsiveness and in doing so contributes to development of heart failure. Methods and Results-Transaortic constriction resulted in decreased cardiac function and βAR density and increased cardiac V1AR expression, effects reversed by a V1AR-selective antagonist. Molecularly, V1AR stimulation led to decreased βAR ligand affinity, as well as βAR-induced Ca 2+ mobilization and cAMP generation in isolated adult cardiomyocytes, effects recapitulated via ex vivo Langendorff analysis. V1AR-mediated regulation of βAR responsiveness was demonstrated to occur in a previously unrecognized Gq protein-independent/G protein receptor kinase-dependent manner. Conclusions-This newly discovered relationship between cardiac V1AR and βAR may be informative for the treatment of patients with acute decompensated heart failure and elevated arginine vasopressin. (Circulation. 2014;130:1800-1811.)
T he neurohormone arginine vasopressin (AVP) is elevated in patients with heart failure (HF), and there is a direct relationship between plasma levels of AVP and disease severity and mortality. [1] [2] [3] [4] [5] AVP is released from the hypothalamus in response to changes in arterial pressure and plasma osmolality. Subsequently, AVP acts at 3 related but distinct G proteincoupled receptors (GPCRs): vasopressin type 1A receptor (V1AR; heart, vascular smooth muscle, myometrium, central nervous system, and liver), vasopressin type 1B receptor (V1BR; anterior pituitary), and V2 vasopressin receptor (V2R; vascular endothelial cells and renal tubule collecting ducts). AVP acts at V1ARs to induce peripheral vasoconstriction and cardiac hypertrophy via Gq protein-mediated signaling. Activation of the V2R leads to release of von Willebrand factor from vascular endothelial cells and insertion of aquaporin 2 into collecting duct cells, thereby resulting in increased transepithelial water permeability, water retention, and urine concentration via Gs protein-mediated signaling. 6 Therefore, either inappropriate or persistent AVP release causes profound hyponatremia, itself a risk factor for increased death and hospitalization in HF patients. 7 Because of the adverse clinical consequences associated with hyponatremia, basic science investigations and drug development have focused on V2R antagonists, which have been approved for the treatment of the hyponatremia associated with HF.
Clinical Perspective on p 1811
The physiological effects of AVP on the heart have been far less clear than its effects on the kidney owing in part to the fact that AVP mediates peripheral vasoconstriction through activation of the V1AR. [8] [9] [10] To better understand the role of V1AR in the heart independent of its effects on the vasculature, we previously created transgenic mice with inducible and cardiac-restricted overexpression of V1AR (V1AR-TG). These mice developed left ventricular (LV) hypertrophy, dilatation, diminished contractile performance, and reprogramming of the HF gene profile in a Gq protein-dependent manner, 11 findings consistent with effects observed with other Gq proteincoupled receptors (GqPCRs). 12 However, these results did not clarify the potential acute effects of V1AR activation in the heart, because the HF phenotype was only observed in the V1AR-TG mice 20 weeks after transgene activation.
Assessment of the acute effects of V1AR signaling on the heart and identification of its cognate signaling pathways are relevant because of the recent observations that V1AR density is significantly increased in hearts from patients with end-stage HF, 13 and we showed in our V1AR-TG model that enhanced cardiac V1AR expression diminished the hemodynamic response to β-adrenergic receptor (βAR) stimulation in vivo. 11 Thus, if V1AR signaling acts to impair βAR activation, even modest increases in AVP might have substantial effects on myocardial performance. Here, using cultured adult myocytes, genetically engineered nonmyocytes, ex vivo Langendorff-perfused hearts, and adult mice with HF secondary to transaortic constriction (TAC), we report that AVP acutely inhibits βAR-mediated cardiac contractility via a novel G protein receptor kinase (GRK)-dependent and Gq protein-independent mechanism. These results may explain the increased mortality observed in patients with acute HF and elevated AVP levels and provide support for the potential use of a V1AR antagonist in the treatment of these patients.
Methods

Materials
Angiotensin II (A9525), arginine vasopressin (V9879), CGP 20712A (C231), dimethyl sulfoxide (D4540), forskolin (F6886), ICI 119,551 (I127), 3-isobutyl-1-methylxanthine (I5879), isoproterenol (I6504), rolipram (R6520), and SR 49059 (S5701) were purchased from Sigma-Aldrich (St. Louis, MO). X-tremeGENE 9 DNA transfection reagent was purchased from Roche Applied Science (Indianapolis, IN). UBO-QIC was purchased from Professor Evi Kostenis, University of Bonn, Germany.
Animal Protocols
All experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Temple University Institutional Animal Care and Use Committee (ACUP#4031). GqI-TG mice had cardiacrestricted overexpression of a peptide derived from a carboxyl-terminal peptide of the α-subunit of Gq protein, 14 and V1AR-TG mice had controlled and cardiac-restricted overexpression of the V1AR. Wild-type (WT; 75% C57Bl6/J, 25% FVB) littermate controls were used where appropriate.
Transverse Aortic Constriction
Pressure overload was produced by TAC as described previously. 15 After administration of anesthesia with isoflurane (2.5%), the chest was opened and an aortic band was created in 8-week-old WT mice by placement of a ligature (7-0 nylon suture) securely between the origin of the right innominate and left common carotid arteries with a 27-gauge needle as a guide. The sham procedure was identical except that the aorta was not ligated. After the procedure, the chest was closed, and the animal was allowed to recover after anesthesia. Doppler velocity was measured in the right and left carotid arteries, and right carotid artery/left carotid artery velocity ratio was calculated to ensure that TAC produced equal aortic pressure gradients in all experimental groups.
Echocardiography
LV function was evaluated in mice before TAC and at weekly intervals after TAC using a VisualSonics Vevo 770 imaging system and a 707 scan head (Miami, FL) as described previously. 16 After mice were lightly sedated with isoflurane (2.0%), a parasternal short-axis view was obtained for LV M-mode imaging at the papillary muscle level. Three independent M-mode images were used for measurements of LV end-diastolic internal diameter (LVEDD) and LV end-systolic internal diameter (LVESD) in 2 consecutive beats according to the American Society of Echocardiography leading edge method. Fractional shortening (FS) was calculated as FS%=[(LVEDD−LVESD)/LVEDD]×100. Anterior and posterior wall thicknesses were also measured.
Subcutaneous Implantation of ALZET Minipumps
One week after sham or TAC surgery, the mice were anesthetized with isoflurane (1.5%-2.5%) and underwent subcutaneous implantation with minipumps (ALZET, Cupertino CA; model #2006) that contained SR49059 (1 mg·kg −1 ·d −1 ) or vehicle control (0.1% DMSO in sterile saline) and were subsequently monitored for 6 weeks.
Cardiac Membrane Preparation and Radioligand Binding for V1AR and βAR
Membrane preparation and radioligand binding assays were performed as described previously. 13 Cleaned and minced myocardium was homogenized in ice-cold buffer (in mmol/L: Tris-HCl 10, pH 7.4, EDTA 10) with a Polytron homogenizer (Brinkmann Instruments), filtered through 3 layers of cheesecloth and centrifuged at 1000g for 10 minutes at 4°C. The supernatant was then filtered through 2 layers of cheesecloth and centrifuged at 45 000g for 30 minutes at 4°C to yield membranes. The plasma membrane pellet was adjusted to a final concentration of 1 mg/mL protein with binding buffer (in mmol/L: Tris 50, EDTA 1, pH 7.4). Protein concentration was determined by the Lowry method.
Membrane preparations (25 μg of protein for βAR binding or 40 μg of protein for V1AR binding) were incubated with 125 I-cyanopindolol (PerkinElmer, Waltham, MA; 4-300 pmol/L) or 125 I-p-AVP (PerkinElmer, Waltham, MA; 0.67-150 pmol/L) in incubation buffer (in mmol/L: Tris 50, EDTA 5, 0.1% BSA). Incubations were performed either alone or with propranolol (βAR nonspecific antagonist, 10 μmol/L) or SR49059 (V1AR-selective antagonist, 5 μmol/L) to determine nonspecific binding for subtraction from total binding to calculate specific binding. The incubation was performed at room temperature (25°C) for 2 hours in a total volume of 250 μL (βAR) or 100 μL (V1AR) in which steady state kinetics were achieved in specific binding. The reaction was terminated by the addition of 4°C incubation buffer and vacuum filtration through glass fiber filters (Whatman GF/C, Brandel, Inc). Each filter was washed 3 times with 7 mL of ice-cold 10 mmol/L Tris-HCl plus 0.1% BSA. Radioactivity of the wet filters was determined in a gamma counter. All assays were performed in duplicate. Receptor density was normalized to milligrams of membrane protein. 
Isolation of Adult Murine Cardiac Myocytes and Intracellular Ca2+ Transient Measurements
Cardiac myocytes were isolated from the septum and LV free wall of 8-to 12-week-old male WT mice as described previously, 17 and intracellular Ca 2+ transient measurements were performed as described previously. 18 Briefly, mice were heparinized (1500 U/kg IP) and anesthetized (pentobarbital sodium 50 mg/kg IP 
Adult Feline LV Myocyte Isolation and Infection
Adult feline left ventricular myocytes (AFVMs) were isolated as described previously. 19 Felines were anesthetized with sodium pentobarbital, and hearts were excised rapidly, cannulated, and mounted on a constant-flow Langendorff apparatus. Hearts were rinsed with a physiological Krebs-Henseleit buffer and then subjected to retrograde perfusion with collagenase that contained Krebs-Henseleit buffer. When the tissue softened, the LV was isolated and gently minced, filtered, and equilibrated in Krebs-Henseleit buffer with 0. 
V1AR)
The nucleotide sequences encoding the 17 carboxy-terminal serine (S352, S362, S380, S382, S389, S393, S393, S404, S407, S408, S410, S417) and threonine (T378, T386, T395, T398, T418) residues in hemagglutinin-tagged human V1AR underwent mutagenesis to alanine-encoding sequences with a Stratagene QuikChange II XL Site-Directed Mutagenesis Kit as per kit instructions (primers listed in Table I in the online-only Data Supplement).
Cell Culture and Transfection
Human embryonic kidney (HEK) 293 cells stably expressing FLAGtagged β1AR, 21 hemagglutinin-tagged angiotensin II type 1A receptor (AT1R) 22 or human U2S osteosarcoma cells were grown in 10% FBS and 1% PSF-containing MEM. A total of 5×10 4 cells per coverslip were seeded on 10-mm glass coverslip-containing 35-mm dishes as described above and transfected for 24 hours with 1 μg of WT-V1AR (for β1AR cells or U2S cells), GRK − V1AR (for β1AR cells) or WT-β1AR (for AT1R cells) with 1 μg of either ICUE3 or the diacylglycerol FRET reporter (DAGR) using a 3:1 ratio of X-tremeGENE 9 to DNA.
FRET Measurements
AFVMs or HEK 293 cells expressing FRET reporters were rinsed, and media was replaced with imaging buffer (in mmol/L: NaCl 125, KCl 5, MgCL 2 1.5, CaCl 2 1.5, glucose 10, HEPES [pH 7.4] 10, and BSA at 0.2%) before imaging with a Leica DMI4000B inverted microscope with a Leica DFC365 FX 1.4-megapixel monochrome digital camera, and cyan fluorescent protein (CFP) excitation and CFP and yellow fluorescent protein (YFP) emissions were measured every 2 seconds. Cells were pretreated for 5 minutes with buffer or antagonists. After 30 seconds of baseline reads, the cells were stimulated with buffer, AVP, or angiotensin II, followed by isoproterenol at 90 seconds. Single-cell measurements at 20× magnification were used to assess changes in FRET, and each treatment condition was performed in a minimum of 3 independent cell preparations. Quantification of the changes in FRET ratio were calculated as change in CFP emission/YFP emission (ICUE3) or YFP emission/CFP emission (DAGR) over time, normalized to baseline.
Langendorff Perfusion System
The isolated heart perfusion technique was described previously. 23 Briefly, hearts were perfused under constant pressure (80 mm Hg) with a solution containing (in mmol/L): NaCl 13.8, NaHCO 3 22, KCl 4.7, KH 2 PO 4 1.2, MgSO 4 1.1, glucose 1.1, CaCl 2 2, Na pyruvate 2. A balloon was placed in the LV, connected to a Millar pressure transducer and an ADInstruments Physiograph (Colorado Springs, CO), and filled with H 2 O to set the LV end-diastolic pressure at 10 mm Hg. Hearts were maintained at a temperature of 37°C and were paced at a rate of 480 bpm. After a 15-minute stabilization period, pharmacological agents were added to the perfusion media at 5-minute intervals. LV pressure, LV end-diastolic pressure, and the maximum rate of positive and negative change in LV pressure (±LV dP/dt) were recorded. LV developed pressure was calculated by subtracting the LV end-diastolic pressure from the LV systolic pressure. Data were analyzed with LabChart Pro-6.0 (ADInstruments).
Statistical Analysis
Data are summarized as mean±SEM for continuous variables. All experiments in which the same subject (mouse or heart) was tested over time or using different drug concentrations were analyzed with 2-way repeated-measures ANOVA with Bonferroni multiple-comparisons adjustments. The number of comparisons with Bonferroni post-test adjustments is indicated in figure legends along with P values whenever applicable. Pairwise 2-group comparisons with nonrepeated-measures data were analyzed with nonparametric Wilcoxon rank sum tests, and exact test P values were reported when the combined sample size was <58, as well as whenever feasible for larger sample sizes. Two-sample t tests or 1-way ANOVA with Bonferroni post-test adjustments were also performed as sensitivity analyses, but the results were not reported herein. P<0.05 was considered statistically significant. Prism 5.0 or SAS version 9.3 (SAS Institute, Inc, Cary, NC) were used for statistical analyses.
Results
The V1AR-Selective Antagonist SR 49059 Preserves Cardiac Function and Restores V1AR and βAR Expression Levels During the Development of Pressure Overload-Induced Hypertrophy In Vivo
We previously reported that V1AR expression increases in end-stage human HF 13 and that mice with cardiac-restricted overexpression of V1AR (V1AR-TG) undergo progressive development of cardiomyopathy and decreased βAR responsiveness with age. 11 To determine whether changes in endogenous V1AR expression are associated with the development of cardiomyopathy and βAR dysfunction, WT mice underwent TAC in conjunction with osmotic minipump-mediated delivery of the V1AR-selective antagonist SR 49059. As expected, TAC decreased cardiac function and increased cardiac hypertrophy; however, coadministration of SR 49059 preserved fractional shortening ( Figure 1A ) and ejection fraction ( Figure 1B ) without impacting hypertrophy ( Figure  IA and IB in the online-only Data Supplement). Cardiac V1AR and βAR expression were also assessed in each of the cohorts via radioligand binding. Interestingly, TAC induced a significant 2-fold increase in V1AR expression, similar to that observed in human hearts, 13 which was inhibited by SR 49059 ( Figure 1C) . βAR downregulation is associated with the development and progression of HF, 24 and in response to 7
by guest on http://circ.ahajournals.org/ Downloaded from weeks of TAC in this study was reduced by ≈30% ( Figure 1D ). However, concomitant treatment of TAC mice with SR 49059 completely restored cardiac βAR expression to normal levels. These results confirm the involvement of endogenous V1AR signaling in the progression of HF and indicates that a loss of βAR density in the presence of chronically enhanced V1AR expression may account for the diminished βAR responsiveness we previously observed in V1AR-TG mice.
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AVP Negatively Regulates Endogenous Cardiac β1AR Activation
To begin to understand a possible influence of cardiacexpressed V1AR on βAR signaling more acutely, we began to study the molecular relationship between these receptors. Initially, we performed 125 I-cyanopindolol competition binding analysis with increasing concentrations of isoproterenol with or without AVP in adult mouse heart membrane preparations.
Although AVP alone did not alter Figure 2A ), indicative of a loss in affinity of βAR for isoproterenol that could be associated with diminished receptor coupling to downstream G protein-dependent signaling. 25, 26 Because Gs protein-dependent Ca 2+ mobilization is enhanced downstream of βAR in cardiomyocytes, we measured field stimulation-induced Ca 2+ transient responses in Fura2-loaded adult mouse LV myocytes in the presence or βAR-induced Ca 2+ transients occur in response to Gs protein-dependent generation of cAMP; thus, we tested whether AVP stimulation impacts isoproterenol-mediated cAMP production in AFVMs infected with adenovirus encoding the fluorescent cAMP biosensor ICUE3. 20 Stimulation of AFVMs with isoproterenol produced only a small increase in cAMP production ( Figure 3A) . Because βAR-dependent cAMP signaling is tightly controlled by phosphodiesterase 4 variants, 27 we pretreated AFVMs with the phosphodiesterase 4-selective antagonist rolipram, which greatly enhanced the isoproterenol-induced cAMP generation ( Figure 3B ). Treatment of AFVMs with AVP 1 minute before isoproterenol addition blocked the cAMP response regardless of phosphodiesterase 4 inhibition ( Figure 3C ), which suggests that V1AR stimulation impacts βAR signaling at least at the level of cAMP generation and not cAMP degradation. To test whether cAMP generation is altered by AVP, AFVMs were stimulated with the adenylyl cyclase activator forskolin with or without AVP ( Figure 3D and 3E) . AVP did not alter cAMP production in response to direct activation of adenylyl cyclase ( Figure 3F ), which suggests that V1AR stimulation impacts βAR-mediated cAMP generation at the receptor-G protein level. β1AR and β2AR are the predominant βAR isoforms present in normal adult cardiomyocytes that enhance cAMP generation, although β1AR was predominantly responsible for cAMP generation in AFVMs ( Figure IIA and IIB in the online-only Data Supplement). To determine whether AVP stimulation can also modulate β2AR responsiveness, we tested the cAMP generation response to isoproterenol stimulation in the presence or absence of AVP in human U2S osteosarcoma cells, which express βAR at similar levels as myocardium 21 and predominantly signal via β2AR ( Figure  IIC and IID in the online-only Data Supplement). U2S cells were transfected with V1AR and either ICUE3 or the fluorescent diacylglycerol (DAG) biosensor DAGR. 28 Despite the ability of AVP to evoke V1AR-dependent signaling in these cells ( Figure IIE in the online-only Data Supplement), AVP was unable to alter isoproterenol-mediated cAMP generation ( Figure IIF and IIG in the online-only Data Supplement), which suggests that V1AR-dependent effects on cardiac βAR signaling are β1AR selective.
V1AR-Mediated Regulation of β1AR Signaling Is Gq Protein Independent
To assess the mechanism by which V1AR stimulation decreases β1AR signaling, we used HEK 293 cells stably expressing β1AR 21 and transiently expressing V1AR and either ICUE3 or DAGR. In these cells, AVP induced a concentration-dependent increase in DAG production ( Figure  IIIA and IIIB in the online-only Data Supplement) with a maximal effect produced by 1μM, used subsequently to test the effects of V1AR stimulation on β1AR responsiveness. Isoproterenol stimulation rapidly enhanced cAMP production ( Figure 4A ), whereas AVP alone had no impact ( Figure 4B ). As observed in AFVMs, AVP pretreatment greatly reduced the isoproterenol-mediated cAMP production ( Figure 4C) , and similar to the binding data above, AVP induced a competitive rightward shift in isoproterenolmediated cAMP generation ( Figure 4D ), altering the EC 50 of isoproterenol-dependent cAMP generation from 43 to 256 pmol/L. Although SR 49059 pretreatment did not prevent isoproterenol-mediated cAMP production in the absence of AVP (Figure 4F ), it completely blocked AVP-dependent DAG production ( Figure 4E ) and, importantly, restored isoproterenol-dependent cAMP production in the presence of AVP (Figure 4G ), which confirms that AVP-mediated regulation of β1AR occurs via V1AR. To test whether the acute effect of AVP on β1AR signaling is a common response to stimulation of GqPCRs, we assessed the ability of the AT1R, known to chronically modulate βAR signaling, 29 to alter β1AR-mediated cAMP generation in HEK 293 cells overexpressing both AT1R and β1AR. Similar to AVP, angiotensin II induced a concentration-dependent increase in DAG production that achieved maximal effect by 1 μmol/L ( Figure IIIC and IIID in the online-only Data Supplement). However, pretreatment of the cells with angiotensin II was unable to modulate β1AR-mediated cAMP production ( Figure IIIE and IIIF in the online-only Data Supplement), which suggests that the acute effect of V1AR signaling on β1AR responsiveness is selective with regard to other GqPCRs. Because chronic Gq protein-dependent signaling has been shown to mediate βAR desensitization, [29] [30] [31] we used the small molecule inhibitor of Gq protein, UBO-QIC, 32 to assess the impact of acute Gq protein-dependent V1AR signaling on βAR responsiveness.
As expected, UBO-QIC blocked AVP-Gq protein-dependent DAG production ( Figure 4H ) with no impact on isoproterenol-mediated cAMP production alone ( Figure 4I ). Interestingly, UBO-QIC pretreatment was unable to restore isoproterenol-mediated cAMP responsiveness in the presence of AVP ( Figure 4J ). Thus, although AVP signaling through V1AR negatively regulates β1AR-dependent cAMP formation, it does so in a Gq protein-independent manner ( Figure 4K ).
V1AR-Mediated Regulation of β1AR Signaling Is GRK Dependent
We next tested whether Gq protein-independent V1AR signaling through GRKs reduces β1AR responsiveness. Multiple GRK isoforms have been shown to play distinct roles in mediating receptor signaling responses in different tissues, 33 but generalized ablation of GRKs would impact βAR signaling regardless of the role of V1AR in regulating βAR desensitization. Thus, to specifically explore the impact of GRK-dependent V1AR signaling, we developed a V1AR construct that lacked all possible C-terminal GRK phosphorylation sites (GRK − V1AR; Figure 5A ; Table  I in Figure 5B ) and GRK − V1AR ( Figure 5C ) with AVP each induced rapid DAG formation, with GRK − V1AR producing a small but significantly enhanced accumulation of DAG over WT-V1AR (Figure 5D ), consistent with prolonged Gq protein-dependent activity in the absence of GRK phosphorylation. Interestingly, in contrast to WT-V1AR, which reduced isoproterenol-mediated cAMP generation ( Figure 4C ), AVP stimulation of GRK − V1AR significantly enhanced isoproterenol-mediated cAMP formation, an effect that was blocked by Gq protein inhibition with UBO-QIC ( Figure 5E through 5H), which suggests that in the absence of GRK-dependent regulation of V1AR signaling, Gq protein-dependent V1AR signaling promotes β1AR sensitivity to adrenergic stimulation. These results also suggest that when both Gq protein-and GRK-dependent V1AR signaling mechanisms are present, the GRK-dependent branch is dominant with regard to the regulation of β1AR responsiveness.
Endogenous and Overexpressed V1ARs Decrease βAR-Dependent Ex Vivo Cardiac Contractility
Because isoproterenol-induced Ca 2+ transients were reduced in the presence of AVP, and we previously reported diminished isoproterenol-dependent cardiac contractility in hearts with V1AR overexpression, 11 we next assessed the impact of V1AR signaling on βAR function in the whole heart. Ex vivo Langendorff analysis was performed with WT versus V1AR-TG mouse hearts (which contain ≈5-fold higher V1AR expression but a similar AVP affinity; Figure IVC and IVD in the online-only Data Supplement). Contractility, including LV developed pressure, +dP/dt, and −dP/dt, was compared between WT and V1AR-TG hearts in response to an increasing concentration of the nonselective phosphodiesterase inhibitor IBMX (3-isobutyl-1-methylxanthine). Although IBMX infusion at higher concentrations increased contractility in WT hearts, V1AR-TG hearts were resistant to IBMX even at the highest concentrations tested ( Figure 6A through 6C), which suggests that basal cAMP generation in the heart is suppressed by V1AR overexpression. To determine whether adenylyl cyclase activity is negatively regulated by V1AR signaling, WT hearts underwent infusion with forskolin with or without AVP (1 nmol/L) pretreatment. In accordance with the FRET experiments, pretreatment of WT hearts with AVP had little to no significant impact on forskolin-mediated effects on contractility ( Figure 6D through 6F) , which confirms that in the whole heart, V1AR-mediated effects on contractile signaling occur proximal to adenylyl cyclase activation.
To assess βAR responsiveness directly, hearts were perfused with increasing concentrations of isoproterenol alone (WT and V1AR-TG) or after AVP pretreatment (WT+AVP). Compared with the WT hearts alone, both V1AR-TG hearts and WT+AVP hearts produced significantly diminished responses to isoproterenol perfusion, including LV developed pressure, +dP/ dt, and −dP/dt ( Figure 7A through 7C) , which suggests that cardiac overexpression of V1AR mimics the effects of exogenous AVP on βAR responsiveness. Decreased isoproterenol responsiveness in the presence of AVP cannot be explained by noncardiac effects, because AVP produced only a small concentration-dependent decrease in cardiac hemodynamics (≈20% from baseline; Figure IVE through IVG in the onlineonly Data Supplement), whereas AVP diminished isoproterenol-mediated contractility by ≈70% at maximum concentration of isoproterenol. The modest diminution in ex vivo cardiac contractility in the presence of AVP has been reported to be secondary to reduced coronary blood flow. 34 Additionally, we tested the effect of AVP on isoproterenol responsiveness in isolated hearts of mice overexpressing the Gq protein inhibitory peptide GqI.
14 Similar to the FRET data above, Gq protein inhibition did not prevent AVP from dampening isoproterenolmediated contractility in the isolated hearts ( Figure 7A through  7C) . In fact, GqI overexpression resulted in an even more statistically significant AVP-dependent ablation of isoproterenolmediated contractility. Altogether, the present data highlight a previously unknown role for cardiac V1AR-mediated desensitization of βAR signaling via a novel Gq protein-independent, GRK-dependent mechanism.
Discussion
Neurohormone-binding GPCRs, their cognate G proteins, and downstream signaling effectors, including GRKs, play a critical role in the development of the complex phenotype of the failing heart: cardiac hypertrophy, dilatation, and apoptosis. Similarly, activation of V1AR contributes to the development of HF, because both constitutive and controlled cardiac-restricted overexpression of the V1AR in mice results in the development of cardiac hypertrophy, dilatation, and diminished performance through activation of Gq protein-dependent signaling.
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In the present study, we demonstrate for the first time that AVP is a potent inhibitor of βAR signaling in cultured adult cardiomyocytes and in a murine ex vivo Langendorff preparation through a GRK-dependent but Gq protein-independent manner. Interestingly, the impact of V1AR stimulation on βAR responsiveness appears to be selective not only with regard to GqPCRs, because AT1R did not reduce isoproterenol-mediated signaling, but also βAR subtype, because only β1AR-but not β2AR-dependent signaling was negatively regulated by AVP treatment. Furthermore, we show that mice with HF secondary to TAC recapitulate the V1AR molecular phenotype found in humans with HF: a 2-fold increase in myocardial V1AR density and decreased βAR expression. Interestingly, although the hypertrophic response to TAC was unchanged in the presence of the V1AR antagonist SR 49059, likely because of enhanced activity of other neurohormone pathways, SR 49059 normalized expression levels of both V1AR and βAR and significantly improved the ejection fraction in TAC mice compared with vehicle controls. These findings provide important information regarding the impact of AVP during the development of HF and provide new rationale for treatment strategies aimed at supporting βAR responsiveness.
An increase in the expression of cardiac Gq protein has been shown to inhibit βAR signaling, 30 and thus, our finding that activation of the V1AR inhibits cardiac β1AR-mediated cAMP signaling through a GRK-dependent but Gq proteinindependent pathway was unexpected and contrasts with studies of other cardiac GPCRs. For instance, although both AT1R and V1AR have been shown to enhance V2R-Gs protein-mediated cAMP formation in Cho cells, this effect was Gq protein dependent. 35, 36 Similarly, β2AR-mediated cAMP formation was increased by stimulation of several GqPCRs in cardiac fibroblasts, 37 effects that have been attributed to protein kinase C-dependent effects such as enhanced Gs protein-adenylyl cyclase coupling. Although desensitization of one GPCR on activation of another distinct GPCR has been shown (eg, opioid receptor-like 1-mediated desensitization of the μ-opioid receptor and M3 muscarinic receptor-mediated desensitization of β2AR), these effects have also been shown to be protein kinase C dependent, even when they involve GRK signaling. 38, 39 Similarly, although mechanical stretch activates the AT1R with subsequent upregulation of GRK2 and reduction in βAR signaling in neonatal rat ventricular myocytes, inhibition of either AT1R-Gq protein coupling or protein kinase C-dependent phosphorylation of GRK2 restored normal βAR signaling. 40 Here, GRK-mediated regulation of β1AR signaling occurred even in the absence of Gq protein activity, and we only observed a V1AR-mediated increase in β1AR signaling when all possible C-terminal GRK phosphorylation sites were mutated to alanine. These results suggest that GRK-dependent V1AR signaling predominantly reduces β1AR activity and that β1AR-enhancing Gq protein-dependent V1AR effects are either not normally present or unable to significantly impact β1AR activity in the presence of intact V1AR coupling to GRK. Additionally, GqI peptide-mediated inhibition of Gq protein activity did not impact the ability of AVP to inhibit βAR responsiveness in isolated perfused hearts but led to a more significant reduction in βAR-induced cardiac contractility than in WT hearts with intact Gq protein-dependent signaling. These acute results were disparate with our previous finding that GqI peptide overexpression blocked the development of chronic HF 20 weeks after cardiac-restricted and controlled overexpression of the V1AR. 11 Thus, the acute effects of AVP-V1AR signaling on βAR-mediated cardiac contractility occur via GRK-dependent mechanisms, whereas the chronic effects of AVP-V1AR signaling on cardiac morphology occur via Gq protein-dependent signaling.
Although the GRK − V1AR construct reveals a required role for GRK-dependent regulation of βAR activity after acute V1AR stimulation, the precise mechanism of this effect remains to be defined. Because GRKs are primarily known for their role in phosphorylation-mediated GPCR desensitization, a likely molecular explanation exists in which V1AR stimulation results in enhanced association of active GRK at the plasma membrane, which enables more rapid GRK-mediated phosphorylation of βAR on subsequent catecholamine stimulation, thereby enhancing the kinetics of βAR-Gs protein uncoupling and desensitization (Figure 8 ). βAR-Gs protein uncoupling would account for the rightward shift in βAR ligand affinity, 25, 26 as well as the diminished cAMP generation, Ca 2+ mobilization, and contractile responses to isoproterenol stimulation observed in the present study. The fact that this effect on βAR responsiveness occurs selectively in response to stimulation of V1AR and not AT1R suggests that beyond the requirement for GRK activity, close proximity of V1AR and β1AR, possibly via colocalization or heterodimerization, may be an essential component of this desensitizing mechanism. However, follow-up studies will be required to address these possible scenarios.
That GRK-dependent V1AR signaling can mediate acute effects of AVP in cardiomyocytes is consistent with our previous report demonstrating that V1AR stimulation results in rapid and sustained activation of both Gq protein/protein kinase C-dependent and GRK2/βarr1-dependent ERK1/2 signaling in cardiac-like H9c2 cells. 41 However, whereas V1AR/ GRK2/βarr1-dependent signaling also participated in cellular protection against hypoxia/reoxygenation, the present results suggest that GRK-dependent V1AR signaling may ultimately be maladaptive in vivo in part via its rapid inhibition of βAR responsiveness. GRKs, in particular GRK2 and GRK5, have been demonstrated to regulate a number of maladaptive effects during the development of HF, including βAR desensitization, and show promise as therapeutic targets for the treatment of HF, alone or in conjunction with conventional β-blockade.
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Although we have demonstrated that GRK-dependent V1AR signaling impacts βAR responsiveness and cardiac contractility during HF, the potential roles for specific GRK isoforms in these processes remain unknown. GRKs are ubiquitous and interact with multiple GPCRs, and their action at particular GPCRs is ligand and substrate specific. 43, 44 Therefore, with more fine-tuned molecular and genetic approaches, it will be desirable to discriminate the impact of specific cardiac GRK isoforms in the regulation of V1AR-mediated effects on βAR responsiveness versus potential prosurvival signaling during the development of HF.
Both basic science investigation and drug development have focused primarily on the renal V2R and not on the cardiac V1AR; however, the clinical effects of V2R antagonists in patients with HF have been disappointing. 3, 45, 46 The selective V2R antagonist tolvaptan raised serum Na + levels in patients with HF but failed to affect the dual primary endpoints of all-cause mortality or cardiovascular deaths or HF hospitalizations in a well-powered trial. 45 The highly selective V2R antagonist lixivaptan was associated with an increase in deaths within the first 10 days of administration of drug when administered to patients with an acute exacerbation of HF, nearly all of the deaths being secondary to worsening HF. 47 Because both tolvaptan and lixivaptan increase plasma AVP levels, it is possible that the adverse results with lixivaptan might be explained by AVP-induced inhibition of βAR signaling in a group of patients with elevated levels of AVP (hyponatremia) and limited inotropic reserve. Others have demonstrated in a mouse model of ischemia-reperfusion injury that AVP infusion significantly increased myocardial dysfunction and mortality compared with both saline and dobutamine. 48 These results are consistent with our observation that cardiac contractility is diminished in hearts of animals with HF and elevated plasma AVP. By contrast, AVP has been shown to improve survival in swine after experimental cardiac arrest, presumably because of enhanced myocardial blood flow secondary to enhanced peripheral vasoconstriction. [49] [50] [51] [52] [53] Unfortunately, AVP has not proven consistently beneficial in humans in large clinical trials of patients who have sustained cardiogenic shock. [54] [55] [56] [57] Thus, further exploration of the role of AVP in distinct forms of cardiovascular stress is warranted. In summary, we present data that show for the first time that AVP stimulation (1) acutely inhibits βAR-dependent cAMP generation and Ca 2+ mobilization in adult cardiomyocytes and ex vivo cardiac contractility, (2) activates a previously unknown GRK-dependent V1AR signaling mechanism to diminish βAR responsiveness, and (3) chronically impacts in vivo contractile function and βAR expression in mice during TAC-induced hypertrophy. These results have led us to hypothesize that V1AR antagonists might be useful in the treatment of patients with acute HF and high circulating levels of AVP.
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